Multimorbidity is prevalent, but its optimal quantification and associations with mortality rate and physical functioning in young through older adults are uncertain. We used data collected using the Short Form-36 in the Nurses' Health Study (enrollment started in 1976), Nurses' Health Study II (begun in 1989), and Health Professionals Follow-up Study (begun in 1986) to identify associations of a multimorbidity-weighted index (MWI) and common alternative indices with mortality and future physical functioning. We used Cox proportional hazard ratios to determine incident 10-year mortality and general linear models to obtain coefficients for the associations of MWI with 4-and 8-year physical functioning. At baseline, mean values for the 219,950 participants were 55.0 (standard deviation, 3.7) years for age; 3.8 (range, 0-51) for MWI; 2.7 (range, 0-23) for disease count, and 0.43 (range, 0-13) for Charlson Comorbidity Index (CCI). During follow-up, 23,709 deaths (10.8%) occurred. CCI, MWI, and disease count were 0 for 77%, 12%, and 19% of participants, respectively. When comparing persons in the highest quartiles with those in the lowest, the hazard ratios for mortality were 6.04 (95% confidence interval (CI): 6.00, 6.09; P for trend < 0.0001) for the MWI, 4.86 (95% CI: 4.81, 4.91; P for trend < 0.0001) for disease count, and 3.29 (95% CI: 3.26, 3.32; P for trend < 0.0001) for the CCI. For future physical functioning, MWI had the best model fit and explained the greatest variance. Multimorbidity has important associations with future physical functioning and mortality that are easily captured with a readily measured index.
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Among adults with chronic disease, multimorbidity (i.e., having multiple chronic conditions) is more common than having a single disease in isolation (1) , and it is becoming increasingly recognized as its own entity rather than as comorbidity in the context of an index disease. Prior measures of multimorbidity have been limited by disease inventory, adjustment for disease severity, generalizability to nonhospitalized (2) and younger and middle-aged adults (3) , and disease clusters that may not be replicable in other populations (3) .
We recently developed and validated a multimorbidityweighted index (MWI) that weights conditions by their concurrent impact on physical health-related quality of life in community-dwelling adults (4, 5) . The MWI is easily assessed using simple disease inventories and to our knowledge is among the first indices to weight disease severity by an extensively validated and widely used health survey instrument for physical functioning (6, 7) . Physical functioning is a universal patient-centered outcome consistent with values of patients' well-being (6, 8) and is also strongly associated with adverse health outcomes, including increased mortality risk, hospital readmission, and emergency department return visits (9, 10) .
Although the MWI weights disease severity by current physical functioning, its ability to predict mortality and future physical functioning is unknown. In the present study, our goal was to examine the associations of the MWI with mortality and future physical functioning and compare the performance of the MWI with those of 2 of the most frequently used alternatives: simple disease count and the Charlson Comorbidity Index (CCI), which weights diseases by 1-year mortality risk among hospitalized patients (11) .
METHODS

Study population
The study population included community-dwelling participants in the United States from the nationally sampled prospective cohorts of 3 studies: the Nurses' Health Study (NHS), Nurses' Health Study II (NHS II), and Health Professionals Follow-Up Study (HPFS). NHS enrolled 121,701 female nurses who were aged 30-55 years when data collection began in 1976. The NHS II cohort comprised 116,686 female nurses who ranged in age from 25 to 42 years when the participants enrolled in 1989. The HPFS enrolled a cohort of 51,530 male health professionals who were aged 40-75 years when the study began in 1986. Participants receive biennial questionnaires regarding newly diagnosed medical conditions, medication use, diet, and health behaviors (e.g., tobacco use, physical activity level), and the follow-up rate has been greater than 90% for each cycle. To be included, participants must have reported the occurrence (or absence) of chronic diseases and conditions in 2000 (for the NHS and HPFS) or 2001 (for the NHS II) and had follow-up through 2004 (NHS) or 2008 (HPFS) for physical functioning and 2010 for death.
Multimorbidity assessment
Multimorbidity was measured using a MWI, as described previously (4) . Briefly, we established weights for 81 of 374 self-reported, clinician-diagnosed conditions based on crosssectional associations with physical functioning items on the Short Form-36 among 216,890 participants contributing 612,592 observations repeatedly between 1992 and 2008. Diseases varied widely in their associations with physical functioning, with the worst impact due to progressive neurologic and end-stage organ diseases. A straightforward interpretation of the MWI is that a 1-point increase in MWI represents a 1-point decrease in current physical functioning, where declines of 2-3 points in the Short Form-36 score may be considered clinically meaningful. The interpretability of the MWI is 2-fold: It provides estimates of the burdens of average diseases and of expected physical functioning decline. For these analyses, we applied our previously established weights to conditions reported in [2000] [2001] Simple disease count included the same summed conditions as the MWI; however, conditions were unweighted. The CCI included 19 chronic conditions weighted 1, 2, 4, or 6 based on their associations with predicted 1-year mortality in administrative data from hospitalized patients, and it was computed using methods described previously (11) . For example, dementia and diabetes were weighted 1, whereas metastatic solid tumor and AIDS were weighted 6, and a participant's comorbidity index was the sum of their weighted conditions.
Mortality assessment
At the end of each 2-year follow-up cycle, we sent to the National Death Index a list of participants that included older participants with a prolonged period of no response to questionnaires, participants with confirmed cancer who did not respond to a subsequent questionnaire, and participants reported as deceased but for whom a cause had not been identified (12, 13) . Death certificates were sought if all attempts to contact next of kin were unsuccessful or death was not recorded in the National Death Index. The most comprehensive and completed mortality ascertainment was available through December 31, 2010.
Loss to follow-up was minimal (<1%) because of comprehensive searches that included contacting family members, the National Death Index, and state tumor registries. Individuals who were lost to follow-up and who survived beyond 2010 were censored from the analysis based on the last date of known contact.
Physical functioning assessment
The Medical Outcomes Study Short Form-36 physical functioning scale covers a broad range of physical functioning applicable across all age groups, ranging from activities of daily living such as bathing and dressing to rigorous activities such as running and lifting heavy objects (6) . It is the most extensively validated, standardized, and widely used health survey instrument to assess health-related quality of life (7) . The sum of 10 items forms a continuous measure from 0 to 100 for lowest to highest functioning. In the NHS, physical functioning was assessed in 2004; in the HPFS, it was assessed in 2008.
Statistical analysis
Our primary outcome was 10-year mortality rate. We used Cox proportional hazards models to determine the associations of the MWI, simple disease count, and CCI with mortality. We modeled the association between multimorbidity and mortality in several ways, including using continuous, transformed, and categorical variables, and we used the Akaike Information Criterion to compare model fit, where the lowest Akaike Information Criterion was most favorable. The model with the lowest Akaike Information Criterion and best clinical interpretability was selected for the final analyses.
To further assess for a potential nonlinear association specifically between the MWI and mortality, we used restricted cubic splines (14) . The top 0.5% MWI values were winsorized (15) to reduce the possible effect of spurious outliers. Nonlinearity was tested with the likelihood ratio test to compare models with 1 linear term to those with both linear and cubic spline terms.
The hazard ratios and 95% confidence intervals for multimorbidity in unadjusted and mutually adjusted models were estimated through Cox proportional hazards modeling (16); the Efron (17) method was used to handle ties. The proportional hazards assumption was formally assessed through Schoenfeld residuals (18) . P > 0.05 was used to indicate that there was a nonsignificant correlation and that the proportional hazards model assumption was not violated.
To quantify how accurately the models discriminated between survival outcomes, we computed the concordance (C) statistic (or area under the receiver operating characteristic curve) for survival (19) . We used Pearson χ 2 statistics to assess differences in the associations of quantiles of multimorbidity indices with mortality relative to the null hypothesis of no difference between the distributions.
A second outcome, future physical functioning, was measured continuously. We used general linear models to determine the associations of the MWI, simple disease count, and CCI in quartiles with future physical functioning. We compared the magnitude of the regression coefficients along with P and T values to indicate the strength of the association between each index with future physical functioning. To indicate how well each index predicted statistically observed physical functioning, we used the coefficient of determination (R 2 ) to measure the proportion of total variation of physical functioning explained by each model.
We compared indices at baseline using the Pearson correlation coefficient. Given the high correlation between the MWI and simple disease count (and lack of variability in the CCI), we examined the mutually adjusted associations of the MWI and simple disease count with mortality and physical functioning in quartiles as a sensitivity analysis. To assess potential multicollinearity in the mutually adjusted models, we computed the variance inflation factor in the regression models (20) and assessed inflation of the standard error terms in the mutually adjusted models versus models of each independent index.
For robustness, we tested for potential effect modification by age (<55.0, 55.0-64.9, 65.0-74.9, or≥75.0 years), race (white; nonwhite, including black; Asian/Pacific Islander; American Indian/Alaska Native; Hispanic; or other), body mass index (measured as weight (kg)/height (m) 2 ; <25.0, 25.0-29.9, ≥30.0), smoking status (never, former, or current smoker), and geographic region (West, Midwest, Northeast, or South) in associations of multimorbidity with mortality and physical functioning. Heterogeneity across participant characteristics was assessed using the I 2 statistic, which measures the proportion of total variation across estimates due to heterogeneity (21) . We also examined models adjusted for all the mentioned covariates plus alcohol intake (none and tertiles of intake in grams per day). Forest plots were created using Stata (release 14.0; StataCorp LP, College Station, Texas). All other analyses were performed using SAS (release 9.4; SAS Institute, Inc., Cary, North Carolina).
RESULTS
Participant characteristics
We included 219,950 participants (92,352 (Figure 1 ). The MWI spanned the widest distribution of multimorbidity through low and high ranges and better distinguished between participants at the low range of multimorbidity. For example, 77% of adults had a CCI of 0 compared with 12% with an MWI of 0 and 19% with a disease count of 0. The MWI was strongly but not perfectly correlated with simple disease count (Pearson r = 0.88, 0.87, and 0.90 for NHS, NHS II, and HPFS, respectively; P < 0.0001 for all) and only moderately correlated with the CCI (Pearson r = 0.56, 0.44, and 0.59 for NHS, NHS II, and HPFS, respectively; P < 0.0001 for all).
Multimorbidity and mortality
We first examined the association of the MWI with mortality using restricted cubic splines in each cohort (Figure 2 ). Nonlinearity occurred at high values of the MWI, but we observed an essentially linear relationship with mortality through MWI values of 20-25 in the NHS and NHS II cohorts and an MWI of 30 in HPFS. Thus, although extreme values of the MWI were associated with disproportionately high hazard ratios for mortality, the MWI appeared to have an essentially linear relationship with mortality throughout values commonly observed in communitydwelling adults.
We next compared the MWI with simple count and the CCI in quantile-based categories. The hazard ratio of mortality was 6-fold greater (hazard ratio (HR) = 6.04, 95% CI: 6.00, 6.09; P for trend < 0.0001) for individuals in the highest quartile of MWI compared with those in the lowest (Table 2 ). There was a dose-response relationship between hazard ratios for mortality and increasing quartiles of the MWI (P for trend < 0.0001) in the unadjusted (Table 2 ; Web Figure 1 ) and adjusted (Web Table 1 ) models. The dose-response association between the MWI and mortality persisted even after CCI diseases were removed from the MWI, highlighting the limitations of restricting the index to a few key conditions based on inpatient mortality data. Among those with a CCI of 0, the hazard ratio for mortality was 5.96 (95% CI: 5.95, 5.97; P < 0.0001) for individuals in the highest quartile of the MWI compared with those in the lowest.
Simple disease count was also significantly associated with mortality. For every additional disease, the HR was 1.23 (95% CI: 1.22, 1.24; P < 0.0001). Using the count definition of multimorbidity as 2 or more diseases, individuals with multimorbidity had a 2-fold higher hazard ratio for mortality (HR = 2.02, 95% CI: 1.84, 2.22; P < 0.0001) than did disease-free individuals. There was no difference between individuals with 1 disease and those with no diseases (HR = 1.01, 95% CI: 0.90, 1.14; P = 0.84). As observed in Table 2 , MWI was more strongly associated with mortality than was simple count for all quartiles of multimorbidity in all cohorts. MWI and simple disease count were more strongly associated with mortality than was the CCI. In the model mutually adjusted for MWI and simple disease count, the association of MWI with mortality continued to be of greater magnitude (HR = 4.09, 95% CI: 4.00, 4.18; P < 0.0001). The hazard ratio was more than double that of simple disease count (HR = 1.60, 95% CI: 1.52, 1.69; P < 0.0001) in the pooled NHS and HPFS cohorts; simple disease count, reflecting its left distributional skew, could not be aggregated into quartiles in NHS II. Standard error terms in the mutually adjusted models were 4%-40% higher than in the isolated index models, suggesting mild multicollinearity. However, the standard error terms remained several-fold less than the regression coefficients and were nonoverlapping, suggesting intact precision.
The C statistics for mortality prediction were greatest for the MWI in all cohorts and the meta-analyzed combined cohorts (C = 0.67, 0.70, and 0.64 for NHS, HPFS, and NHS II, respectively, and 0.68 for the combined cohorts), followed by disease count (C = 0.65, 0.68, and 0.62 for NHS, HPFS, and NHS II, respectively, and 0.66 for the combined cohorts) and the CCI when using the lowest combined reference group given its strong left distributional skew (C = 0.64 for NHS, HPFS, and the combined NHS and HPFS cohorts; however, the C-statistic was noncomputable in NHS II due to the limited skewed distribution; Table 2 ).
Potential effect modification of the association between the MWI and mortality by age, race, body mass index, smoking status, and geographic region was examined. There were no differences in the magnitudes of the positive association of MWI with mortality within strata of these risk factors (Figure 3 ). Statistical heterogeneity was observed for age, body mass index, and tobacco use, but the hazard ratios in every stratum were nearly identical, and each had a significant association. The overall hazard ratio for mortality after adjustment for all the aforementioned covariates plus alcohol consumption was 1.11 (95% CI: 1.11, 1.11; P < 0.0001) for each point increase in the MWI (Web Table 2 ).
Multimorbidity and future physical functioning
The association between multimorbidity and future physical functioning was strongest and best explained by the MWI, followed by simple disease count ( Table 3 ). The CCI was less strongly associated with and explained only 5%-7% of the variance in 4-year physical functioning in women only and 8-year physical functioning in men only. After mutual adjustment for MWI and simple disease count across quartiles, the association of the MWI with future physical functioning was still that of the greatest magnitude and the statistically strongest in the NHS (β = −10.55, 95% CI: −10.92, −10.18; P < 0.0001) and HPFS (β = −8.60, 95% CI: −9.24, −7.97; P < 0.0001) cohorts. Multicollinearity was mild in the mutually adjusted models, with variance inflation factors between 1.3 and 3.5 for the CCI, disease count, and the MWI.
The magnitude of the association of MWI with physical functioning was more than double that of simple disease count (NHS: β = −4.33, 95% CI: −4.70, −3.97, P < 0.0001; HPFS: β = −3.36, 95% CI: −4.04, −2.68, P < 0.0001). Future physical functioning was worse in women at 4 years of follow-up than in men at 8 years of follow-up, was consistent across all metrics, and may be, in part, due to higher MWI scores among women.
Heterogeneity in the association of the MWI with future physical functioning by age was suggested by the I 2 statistic in the HPFS cohort but not NHS cohort. For all characteristics, the regression coefficients were significant and nearly equal within each stratum (Web Figure 2) .
DISCUSSION
In the present study of 219,950 community-dwelling adults ranging in age from 25 to 75 years at study enrollment, we found that compared with the CCI and simple disease count, a health-related quality-of-life-weighted multimorbidity index covering a comprehensive set of chronic conditions had the broadest distribution of multimorbidity and uniquely captured Abbreviations: AIC, Akaike Information Criterion; CCI, Charlson Comorbidity Index; CI, confidence interval; HR, hazard ratio; MWI, multimorbidity-weighted index; N/A, not calculable in quartiles.
a Baseline was 2001 in the Nurses' Health Study II. b Number of deaths in study cohorts: Nurses' Health Study, n = 13,728; Health Professionals Follow-Up Study, n = 6,444; Nurses' Health Study II, n = 1,320; and combined, n = 23,709.
c Because of a strong left skew, quartiles 1-3 served as the reference group, and the CCI cannot be directly compared with the MWI and simple disease count, for which quartile 1 served as the reference group.
d The CCI is not computable in quartiles because of a strong left skew, but it is calculable for deciles as follows, using deciles 1-8 as the reference group: for decile 10, HR = 7.30, 95% CI: 6.40, 8.34; for decile 9, HR = 2.81, 95% CI: 2.41, 3.28. P-trend < 0.0001; AIC, 28,090.
the low-end distribution of multimorbidity. The MWI was strongly associated with lower long-term physical functioning and a higher mortality rate, with a significant dose-response relationship. The MWI provided the best-fitting model and discrimination for long-term mortality prediction compared with the CCI and disease count, thus validating this easily computed measure of multimorbidity.
Our study has implications for the scope and measurement of multimorbidity. For the scope of multimorbidity, our study confirms and extends results from prior studies of multimorbidity and increased long-term mortality (22) by including young and middle-aged adults. Although multimorbidity is often considered a geriatric phenomenon, several young and middle-aged adults had accumulated a high MWI decades earlier than older peers. The youngest participants in the present study had a lower MWI, on average, than did older adults, which is likely due to a combination of younger age (and hence, less time to acquire multiple morbid chronic diseases) and a shorter disease duration compared with older adults. Nonetheless, their multimorbidity burden ranged broadly. In the NHS II cohort of young and middle-aged adults, a higher MWI was associated with a higher mortality risk in a persistent dose-response association that was similar to those observed in the NHS I and HPFS cohorts of middle-aged and older adults. Whereas prior studies on multimorbidity prevalence have included young and middle-aged adults (23, 24) , ), tobacco use, race, and geographic region; models within each stratum were adjusted for all other covariates. Boxes represent the hazard ratios by strata of participant characteristics, whereby the size of the box is proportional to the weight assigned to the characteristic (i.e., larger boxes represent larger sample sizes). The dotted vertical line represents the combined overall estimate. The horizontal lines represent the 95% confidence intervals (CI) around the estimates. The width of the diamond represents the 95% confidence interval around the overall estimate.
those in which multimorbidity and short-and long-term mortality have been examined were limited to older adults (25) . Our study also included older women and men (up to 79 and 89 years of age at baseline, respectively) who were followed for 10 years. There have been few studies in which investigators have examined physical functioning in younger adults with multimorbidity, including a systematic review in which a consistent association between multimorbidity and functional decline was reported (26) .
Regarding the measurement of multimorbidity, the present study provides direct comparisons of the performance of the MWI with those of simple disease count and the CCI in longterm physical functioning and mortality prediction. The CCI (11) was developed and validated to predict inpatient mortality and is 1 of the most cited methods for comorbidity adjustment. Although the CCI was weighted to mortality, whereas the MWI was weighted to physical functioning, the MWI outperformed the CCI even in mortality prediction. Furthermore, the dose-response association between the MWI and mortality persisted even after removing CCI conditions from the MWI, verifying that additional conditions captured in the MWI contribute informatively to mortality risk. The MWI also predicted long-term physical functioning, for which the CCI and simple disease count performed marginally. Although both the MWI and disease count outperformed the CCI for mortality and physical functioning predictions, the MWI persisted in its outperformance of disease count in prediction of future physical functioning and mortality, even in mutually adjusted models. Finally, whereas several other measures using administrative data have been weighted to inpatient mortality, cost, or use (27) (28) (29) , the MWI was weighted to a patientcentered outcome (i.e., current physical health-related quality of life), and yet it also demonstrated strong associations with mortality.
Our study has potential limitations. First, rare diseases such as acquired immunodeficiency syndrome and cirrhosis were less prevalent than were other conditions. However, the numbers of observations in these cohorts still exceeded those in other cohorts used to create similar indices, and they remained sufficiently prevalent to generate weighted estimates for these conditions. Second, multimorbidity was assessed as the sum of individual weighted chronic diseases, a assumption similar to those in other commonly used indices (11, 27) . In prior studies with smaller disease inventories, investigators have reported additive and multiplicative effects of several conditions (30) . However, the potential combination of disease interactions in large inventories becomes increasingly infeasible and would require enormous data sets with exceptional computing power to evaluate and confirm with validity. Our results, using flexible splines, suggest this limitation was likely to be most problematic only for those with extreme multimorbidity. Third, our sample included participants from all geographic regions but was not explicitly nationally representative. However, disease prevalence rates and participant characteristics, such as obesity and tobacco use, were similar to those in US and other populations (31) (32) (33) . If disease prevalence rates differ by race, ethnicity, or socioeconomic factors, conditional associations of the MWI with mortality are likely robust to these factors. Our results did not suggest effect modification by age, race, sex, body mass index, smoking status, or geographic region, but further studies are needed to assess generalizability. Fourth, this study did not include young men. Young women experience active changes in hormonal status, parity, and potential dysfunctions of the reproductive organs; there are no equivalent biologic exposures in men. Finally, we examined mortality and future physical functioning to assess the criterion validity of the MWI, but other outcomes available in other data sets, such as all-cause hospitalization, use, and cost, may be of interest to further compare across indices.
An easily measured multimorbidity index weighted to current physical functioning with comprehensive capture of chronic conditions in community-dwelling adults was strongly associated with higher mortality risk and lower long-term physical functioning. Compared with other indices, the MWI had the best model fit, had the strongest association with mortality and future physical functioning, and spanned the widest distribution of multimorbidity in both directions-distinctively at the low end, where multimorbidity onset and progression may be identified and targeted earlier for intervention.
The MWI has potential clinical and research implications. It may be used to quantify the burden of multimorbidity and predict future outcomes, such as physical functioning, mortality, and health economic outcomes, in community-dwelling adults. The MWI weights diseases by a robust and standardized instrument for physical functioning that is not routinely captured in clinical settings, though its application requires only self-reported conditions. Future studies should include translation of the MWI to codes from the International Classification of Diseases, Clinical Modification to expand its use to administrative studies and electronic health records, and identification of modifiable risk factors to prevent the onset and progression of multimorbidity. Potential applications include risk adjustment and incorporation into automated electronic health records to systematically stratify adults who may benefit from complex care management and multidisciplinary team-based resources and to identify and target high-risk adults early to prevent and delay multimorbidity progression and complications.
